Abstract-We evaluated the effects on cardiovascular structure of the angiotensin-converting enzyme (ACE) inhibitor enalapril and of the angiotensin II receptor blocker losartan, administered either at hypotensive or nonhypotensive dosage in spontaneously hypertensive rats (SHR). SHR were treated from ages 4 to 12 weeks with low-dose (1 mg
Thus, because vascular structural alterations are importantly involved in the mechanisms that determine blood pressure, 2 their regression is generally regarded as an important target of antihypertensive therapy. Furthermore, ACE inhibitors have proved effective in reducing not only blood pressure but also cardiac mass and structural alterations in small arteries in both humans [3] [4] [5] and SHR. 6 -10 Whether the regression of cardiovascular alterations is due only to blood pressure reduction or is also a consequence of growth factor inhibition 6, 11 remains controversial. Recently, nonpeptide selective inhibitors of AT 1 receptors have been developed and introduced as antihypertensive agents. 12 Like ACE inhibitors, these drugs may cause regression of cardiac [13] [14] [15] and vascular structure [15] [16] [17] in SHR, and the effects on cardiovascular structure appear to be similar. 16, 17 Nevertheless, there are theoretical grounds for supposing that AT 1 receptor antagonists could be more effective than ACE inhibitors for structural abnormalities in both the heart and the vessels. First, selective inhibition of AT 1 receptors is accompanied by an increase in circulating (and probably also in tissue) levels of angiotensin II. The raised angiotensin level will presumably cause increased stimulation of AT 2 receptors, 18 which could further inhibit smooth muscle cell growth and stimulate cellular apoptosis. 19 Second, in the heart and the vessels, because angiotensin II may be produced through chymase-dependent pathways, thus bypassing ACE inhibition, 18 direct inhibition of the AT 1 receptor blockers may be more effective than ACE inhibitors. It is therefore possible that although the effect of the two classes of drugs on the gross morphology of the arteries is similar, there are potential differences at the cellular level.
Ledingham and Laverty 20 recently evaluated the effects of the angiotensin II receptor antagonist valsartan on structural alterations in mesenteric small resistance arteries of New Zealand genetically hypertensive rats using a stereological method. However, the New Zealand hypertensive rats showed the presence of hypertrophic remodeling. On the other hand, in mesenteric arteries of SHR an inward eutrophic remodeling was observed 21 ; the same pattern of structural alterations may be detected in human essential hypertension. 21 On this basis, we therefore decided to undertake a new investigation to compare in SHR (a rat strain in which vascular morphology is similar to that seen in hypertensive patients) the dose-dependent effect of ACE inhibitors and AT 1 receptor antagonists, not only on cardiac mass and resistance artery morphology but also on the size and number of the smooth muscle cells within the arteries, using an unbiased stereological technique. Two doses of the AT 1 receptor antagonist losartan and of the ACE inhibitor enalapril were used; the doses were chosen to provide either no effect on blood pressure (low dose) or a near normalization of blood pressure (high dose). Antihypertensive treatment was started in a prehypertensive phase to prevent the development of hypertension.
Methods
One hundred rats (82 SHR and 18 WKY) were included in the study. The animals were obtained from Charles River Laboratories (Calco, Italy). All the procedures followed were in accordance with the guidelines of our institution (Medical School, University of Brescia). The rats were housed 2 per cage in a room in which the temperature was controlled between 23°C and 25°C and a 12-hour light/dark cycle was maintained. Food and water were supplied ad libitum.
Sixteen SHR were treated with low-dose losartan (0.5 mg ). Both drugs were administered in the drinking water from the 4th to the 12th week of age. Eighteen WKY and 18 SHR were kept untreated as controls. Rats were killed at 13 weeks of age.
Systolic blood pressure values and heart rate were measured noninvasively (tail-cuff method, IITC Life Science Instruments) in conscious rats every week.
On the day of death, the animals were weighed and then killed by decapitation. The heart was promptly dissected, dried, and weighed, and the HW/BW was calculated in all the animals; in addition, in both treated and untreated SHR, the RLVM (left ventricular weight/ body weight) was calculated. At the same time, from each rat, mesenteric vessels corresponding to the second branch (about 140 to 200 m of average diameter in relaxed conditions, 2 mm long) were obtained by dissection. The vessel segments were excised free of connective and adipose tissue, and 2 stainless steel wires of 40 m in diameter were threaded through the lumen. This ring preparation was mounted on a micromyograph as previously described by Mulvany et al. 22, 23 Total time for dissection and preparation was approximately 45 minutes. Vessels were then equilibrated and relaxed for at least 30 minutes in physiological saline solution of the following composition (in mmol/L): NaCl 119, NaHCO 3 After equilibration, the micromyograph was transferred to the stage of a light microscope with immersion lens. The vessel was stretched slightly (wall tension Ϸ0.1 N/m), and structural characteristics of the vessels were evaluated. The following parameters were measured: wall thickness, media thickness, adventitia thickness, intima thickness, internal diameter, media/lumen ratio, and media cross-sectional area. Then the normalized internal circumference L 1 was determined, as described previously by Mulvany et al, 22, 23 from the resting wall tension-internal circumference relation and Laplace equation (L 1 is defined as 0.9ϫL 100 , where L 100 is an estimate of the internal circumference that the vessel would have had in vivo when subjected to a transmural pressure of 100 mm Hg while relaxed). From L 1 , the normalized internal diameter l 1 was calculated. Assuming that the cross-sectional area remains constant when the vessel is extended to L 1 , the previously mentioned morphological parameters were automatically calculated in a normalized condition also. For further details, see References 24 and 25.
A "remodeling index" was calculated in untreated SHR and WKY according to the method of Heagerty et al, 21 expanding a previous observation of Baumbach and Heistad. 26 This index quantifies how much of the vascular structural alteration may be explained by a rearrangement of the same material around a narrowed lumen, without cell growth. The formula for calculation of remodeling index is:
where ID indicates media internal diameter (mediaϩintima); ED, media external diameter; CSA, media cross-sectional area; n, normal subjects; h, hypertensive subjects; and RI, remodeling index.
When the micromyograph measurements were complete, the bathing solution was changed to calcium-free saline for 10 minutes to prevent a vasoconstrictive effect of the fixative. With the arteries still on the wires, the solution was changed to fixative (buffered glutaraldehyde 2%). The vessels were unmounted, washed in physiological saline solution, preembedded in agar to maintain orientation, and finally embedded in historesin (Technovit 7100, Heraeus Kulzer). In each artery from a point approximately halfway between where the mounting wires had been, a series of three to five 3-mm (Ϯ0.05) serial sections parallel to the vessel axis were made on a precision microtome (Historange, LKB). All sections were placed on glass slides, coded, and stained with Giemsa stain.
Unbiased estimates of smooth muscle cell number within the arteries were determined using a modified version of the disector principle described previously. 27, 28 In brief, two successive sections were placed under two specially equipped microscopes projecting the images of the sections side by side onto a table top at a total magnification of ϫ1650. The number of nuclei present in the first section, but not in the second, was counted ("downward pointing" nuclear ends). Because the time-consuming event in this procedure was to find the corresponding areas in the two sections, efficiency was greatly improved by also counting the number of nuclei present in the second section but not in the first ("upward pointing" nuclear ends). Ten areas in each vessel were marked and counted. On the assumption that each smooth muscle cell contained one and only one nucleus (in examining many thousands of cell profiles, we have never seen more than one nucleus per cell), the mean number of smooth muscle cells per unit volume media (the cell numerical density) could be calculated by dividing half the total number of nuclear ends by the total disector volume. From cell numerical density and volume fraction of media containing smooth muscle cells, the mean cell volume was calculated. Additionally, the following parameters were calculated: average nucleus length, cell length, cell cross-sectional area, number of cell layers, and number of cells per unit vessel length. The equations used for the calculation of the previously mentioned morphological parameters are reported in References 27 and 28. Morphological results from two different blood vessels in each rat were averaged to provide one mean observation per subject.
Statistical Analysis
All data are expressed as meanϮSD unless otherwise stated. Oneway ANOVA and Bonferroni's correction for multiple comparisons were used to evaluate differences among groups. A nonparametric approach (Mann-Whitney rank sum test) was adopted for those variables that were not normally distributed. Two-way ANOVA for repeated measures was used for blood pressure and heart rate Selected Abbreviations and Acronyms ACE ϭ angiotensin-converting enzyme AT 1 , AT 2 ϭ angiotensin II type 1, type 2 receptor HW/BW ϭ heart weight/body weight ratio RLVM ϭ relative left ventricular mass SHR ϭ spontaneously hypertensive rats WKY ϭ Wistar-Kyoto normotensive rats (groupϫtime) (BMDP Statistical Software programs 7D, 3S, 1V, and 2V).
Results

Blood Pressure and Heart Rate
Systolic blood pressure values in untreated and treated SHR and WKY from the 4th to the 13th week are reported in the Figure; systolic blood pressure values at the time of death are reported in Table 1 . At 4 weeks of age, no statistically significant difference in systolic blood pressure was observed between untreated SHR and WKY. During the treatment period, systolic blood pressure was significantly higher in untreated SHR than in WKY controls (ANOVA, PϽ0.001).
The SHR treated with high-dose losartan or enalapril showed a significant reduction in systolic blood pressure (ANOVA, PϽ0.001 versus untreated SHR during the treatment period);
high-dose enalapril had a greater hypotensive effect than high-dose losartan (ANOVA, Pϭ0.012). No significant reduction in systolic blood pressure was observed in rats treated with low-dose enalapril or losartan. Heart rate during the treatment period (ANOVA PϽ0.001) and at the time of death (Table 1 ) was significantly lower in untreated WKY than in the other groups.
Cardiac Morphology
The values of heart weight, left ventricular weight, body weight, HW/BW, and RLVM are reported in Table 2 . The RLVM was significantly increased in untreated SHR compared with untreated WKY, whereas a significant reduction was observed in the groups of SHR treated with high-dose losartan or enalapril. No effect was observed in rats treated with low-dose enalapril and losartan.
Vascular Morphology
Values of media thickness, wall thickness, media crosssectional area, internal diameter, and media/lumen ratio in mesenteric small resistance arteries of SHR and WKY are reported in Table 3 . Untreated SHR showed the presence of vascular structural alterations, as indicated by an increased media/lumen ratio. Treatment with high-dose losartan or enalapril induced a significant and similar reduction of media/lumen ratio, media thickness, and wall thickness in the SHR. No effect with low-dose enalapril and losartan was observed ( Table 3 ). The remodeling index was very close to 100% in all groups of rats. A significant correlation between media/lumen ratio, media thickness, or wall thickness and the average systolic blood Time course of blood pressure from the 4th to the 13th week in untreated SHR (nϭ18), untreated WKY (nϭ18), and SHR treated with low-dose enalapril (nϭ16) and high-dose enalapril (nϭ16) (top), as well as with low-dose losartan (nϭ16) or high-dose losartan (nϭ16) (bottom). See text for statistical significance of differences between curves. Data are expressed as meanϮSEM. 
Cellular Morphology
No significant difference in cell volume, cell length, cell cross-sectional area, or number of cells per segment length was observed among the groups (Table 4 ). The number of cell layers was greater in untreated SHR in comparison with WKY controls and was significantly reduced in SHR treated with high-dose losartan or enalapril. No significant difference was observed in rats treated with low-dose losartan or enalapril compared with untreated SHR. A significant correlation between the number of cell layers and the average systolic blood pressure during therapy was observed when treated and untreated SHR were considered together (rϭ0.51, PϽ0.001).
Discussion
The main finding of this study is the first demonstration that the hypotensive effects of both the AT 1 receptor antagonist losartan and the ACE inhibitor enalapril are associated with a remodeling of resistance arteries at the cellular level.
In both essential hypertensive patients 21, 29 and in SHR, 1, 23, 24, 27 the resistance vessels have an abnormal structure, such that the lumen is reduced and the media/lumen ratio is increased. However, smooth muscle cell volume is normal, 27, 30 indicating a lack of cellular hypertrophy. The possible presence of cellular hyperplasia is controversial. In fact, in small arteries from untreated SHR, 27 an increase in the number of cells per segment length was observed compared with in WKY controls, suggesting the presence of cellular hyperplasia. In essential hypertensive patients, there was no difference in the number of smooth muscle cells per small artery segment length. 30 The present results indicate that the number of smooth muscle cells in SHR small mesenteric arteries is not significantly different from that of WKY, without any evidence of significant hyperplasia. It may be noted, however, that there is a tendency to an increase in cell number, so the discrepancy with the previous work of Mulvany et al 27 may be due only to statistical variance. Our finding that treatment of SHR with losartan or enalapril caused near normalization of mesenteric small artery media/lumen ratio is in agreement with previous studies concerning treatment of both men and animals with AT 1 receptor antagonists and ACE inhibitors.
3-10,15-17,20,31-33 Similar findings have also been reported in more proximal vascular districts. 34, 35 The main novel finding of the present study is that the normalization in both cases is due to a rearrangement of otherwise similar cells. This is demonstrated by the measurements of cellular dimensions made using a stereological method that avoids many of the pitfalls associated with other methods. 36 These measurements showed that the cell morphology (length, cross-sectional area, volume) is not affected by any of the treatments, the only difference being a reduction in the number of cell layers. The effect of treatment is therefore an outward eutrophic remodeling of the small Superscript numbers refer to groups for which the values are significantly different (at least PϽ0.05 after Bonferroni's correction).
arteries. 37 In this study, elastic modulus was not evaluated. Thus, it cannot be concluded definitively that the morphometric changes found are not the consequence of changes in the mechanical properties of the vessel wall. This requires further investigation. However, our data suggest that in treated SHR the vessels grew differently compared with in untreated SHR, with fewer layers of smooth muscle cells, similar to untreated WKY ( Table 4) .
As indicated above, the question as to whether AT 1 receptor antagonists have a greater effect on vascular structure than ACE inhibitors is controversial. The present work provides data both for and against these views. On one hand, no effect was observed in our study with the low doses of the drugs, which were devoid of hemodynamic effect, even though the doses used were close to the expected threshold dose. 17, 38 On the other hand, with the higher doses used, even though neither drug had a statistically different effect on vascular structure (and cardiac mass), the hypotensive effect of losartan was less than that of enalapril. A similar indication was given in the study of Morton et al, 16 in which losartan and captopril had the same effect on mesenteric small artery structure, although captopril had a greater hypotensive effect than losartan (at least when treatment was given from the 3rd to the 13th week of age).
Therefore, our data, like those of Morton et al, 16 suggest the possibility that AT 1 receptor antagonism has a pressureindependent effect on vascular structure. This hypothesis is in keeping with the concept that the hemodynamic effect of an antihypertensive drug is only an important, but not exclusive, factor in determining small artery structure. 2 Our data with enalapril treatment are in agreement with those of Thybo et al. 39 In that study, perindopril treatment was shown to have a dose-dependent effect on blood pressure as well as on structural parameters in different vascular beds of SHR. The present data are, however, at variance with a previous study 5 in which a significant reduction was observed in media/lumen ratio of mesenteric small resistance arteries of SHR after treatment with low nonhypotensive doses of fosinopril. A possible explanation of these conflicting results may be an heterogeneity of the action of different ACE inhibitors, perhaps related to a different dose-dependent penetration in the cardiovascular tissues. In fact, fosinopril shares with zofenopril the highest lipid solubility among the ACE inhibitors currently available. Other possible explanations could be a peculiar effect of fosinopril, independent from ACE inhibition, or the possibility that a small reduction of systolic blood pressure, although not statistically significant, could have had a confounding role in the results obtained 5 ; however, in the previously mentioned study, the effect on vascular morphology was greater than that expected on the basis of the blood pressure reduction. 5 In any case, the data suggest that the renin-angiotensin-aldosterone system may induce vascular structural alterations in part by a pressure-independent mechanism. 40, 41 Furthermore, we have observed a reduction in the number of cell layers in rats treated with high-dose losartan or enalapril, in agreement with Korsgaard et al. 42 In their study, a significant reduction of cell layers was observed in SHR treated with captopril and perindopril, whereas little or no effect was observed with isradipine or metoprolol. 42 This again suggests that resistance vessel structure is not pressure-dependent only.
Our study was aimed at investigating the effects of prevention of hypertension, rather than treatment, since antihypertensive therapy was started in young SHR before the development of overt hypertension. It is not known whether a later treatment, started when animals have developed established hypertension, would have similar effects.
In conclusion, our data show that both losartan and enalapril are effective in reducing cardiac mass and structural alterations in mesenteric small resistance arteries. This was achieved despite the fact that at the doses used, losartan had a smaller hypotensive effect than enalapril.
